Machining dynamic stability has been enhanced through a damping coating based on a novel carbon-based nanocomposite material. The coating was synthesized using a plasma enhanced chemical vapor deposition method, and deposited on to the round-shank boring bar used for internal turning and tested during machining. Comparisons between an uncoated and a coated boring bar were carried out at 0.25 mm and 0.5 mm depth of cut using a five times length to diameter ratio overhang, which are typical conditions known to generate detrimental mechanical vibrations. From sound pressure measurement it was found that the measured absolute sound level during process could be reduced by about 90% when using the tool coated with damping layer. Surface roughness measurements of the processed workpiece showed decreased Ra values from approximately 3-6 lm to less than 2 lm (and in 50% of the cases <1 lm) when comparing an uncoated standard tool with its coated counterpart. Moreover, it was found that the addition of an antivibration coating did not adversely affect other tool properties, such as rigidity and modularity.
Introduction
Machined partÕs accuracy is affected by the static and dynamic behavior of the machining system. Chatter is a regenerative phenomenon caused by the relative movement between the cutting tool and the workpiece ( Ref 1, 2) . Once chatter arises, the machining process is considered unstable and negative effects such as breaking of the cutting tip, reduced tool life, and bad quality of the finished surface may occur (Ref 3) . The severe damage caused by chatter during machining has been addressed by several research groups with the aim to dampen out harmful vibrations ( Ref 1, 2, [4] [5] [6] [7] [8] [9] [10] [11] [12] .
The different damping control techniques can be divided into two categories: active and passive damping (Ref 3) . For active damping, real-time process data is acquired during operation and analyzed to generate signals, which will be used for controlling piezoelectric actuators (Ref 13) . Passive damping control methods are implemented by using one of following techniques:
• Vibration absorbers, • Vibration dampers,
• Tuned dampers, • Interface damping treatments.
The vibration absorber method is used for systems with very low damping by externally adding a vibration absorber consisting of a mass-spring system (Ref 14) . The damping effect of a vibration damper is produced through friction. An example of such a device is the Lanchester damper (Ref 14) . Tuned dampers are used to minimize the amplitude of vibrations at some critical points of the structure. The purpose is to design a structural system with natural frequencies outside the frequency range of excitations (Ref 14) .
For the interface damping treatment, viscoelastic materials are widely used as damping media because of the high damping property and the ease to apply on the interface of a structural element (Ref 15) . The viscoelastic material has a high damping capacity independent of the strain, but the damping property depends on the vibration frequency and the temperature (Ref 15) . The high damping of viscoelastic materials is due to relaxation and recovery of the long molecular chains that characterize the micro-structure of these materials (Ref 15) .
Among other damping materials suitable for damping treatment that are considered in literature, carbon nanoparticles, and carbon nanotubes are nowadays drawing more attention because of the increased damping capacity and increased elasticity when applied to structural elements (Ref 16, 17) . Analysis of the material damping correlated with microstructure of the material shows that an amorphous material with a large number of randomly oriented interfaces (due to, i.e., a granular composition) (Ref 18, 19) , as well as defects in the material will increase the damping property of the material (Ref 16, 20, 21) . It has also been found that when shear strain is induced in a vibrating medium, the material damping capacity is increased in comparison to cases where only bending strain is available (Ref 21) .
In this paper a new technology to produce a carbon-based, nanocomposite material, which is based on a novel plasmaenhanced chemical vapor deposition (PECVD) method (Ref 22) , is introduced. The potential of the damping material produced by PECVD has been investigated in an internal turning machining process, where the material was applied as a thin coating on to a tool holderÕs clamping area. Comparisons between a coated and an uncoated tool were carried out in order to characterize the damping capacity under practical machining conditions as well as investigating the surface finish of the part machined for a wide range of both stable and unstable cutting conditions. Finally, the strain-dependent damping properties of the coating are also discussed.
Experimental Details

Deposition Process
A chemical vapor deposition (CVD) process that uses the energy from a plasma discharge, rather than thermal energy supplied by high process temperature (such as heating), to activate the gas phase chemistry is denoted Plasma-Enhanced CVD (PECVD) or alternatively Plasma-Activated CVD (PAC-VD) (Ref 23) . A typical PECVD process used in the deposition process in this work is presented in Fig. 1 .
In a PECVD process, the precursor gases are cracked by the energetic species in the plasma at a low overall process temperature, which means that low substrate temperatures can be used during deposition. This enables deposition on temperature sensitive substrates and the use of precursor gases with low reactivity. In this work, a power scheme using high-power pulses (HiPP) at a low duty factor (<10%) and low frequency (<1 kHz) has been applied in a magnetron configuration to generate pulsed process plasma discharges. It resulted in peak cathode power densities of about 0.1-1 kW cm À2 , which is known to generate a highly energetic and highly ionized plasma (Ref 24) . In such a PECVD process, the deposition conditions can be designed to provide a more reactive environment for the precursor gases, i.e., a higher deposition rate, as well as an energetic bombardment of the growing film, which affects the microstructure, phase formation and chemical composition (Ref 24) . Further details of this plasma-based process are described elsewhere (Ref 22, 25) .
For this purpose a standard planar rectangular magnetron with a surface area of 100 9 450 mm 2 , equipped with a copper (99.9%) target mounted in a cylindrical vacuum chamber (length 2000 mm, diameter 1000 mm) was used in the present experiments. The chamber was pumped by a turbo-molecular pump to a pressure of about 1.5 9 10 À3 Pa, after which process gases (a mixture of argon, acetylene, and nitrogen) was let into the chamber. The process gas pressure was varied between 1 and 100 Pa.
Unipolar pulses were applied between the cathode (magnetron with target) and the chamber walls in order to ignite a pulsed plasma discharge using an in-house developed power supply capable of delivering 2000 V and 200 A peak values. In this work, pulses up to approximately 600 V and 80 A (equivalent to a peak current density of about 0.17 A cm À2 ) were used with a pulse duration of 400 ls and a repetition frequency of 300 Hz. Basic plasma parameters such as target voltage and target current were monitored and recorded on an Agilent DSO1004A oscilloscope. A Tektronix P6007 high voltage probe measured the target voltage. The current was Fig. 1 A typical schematic view of the PECVD process used in this work. A turbo-molecular vacuum pump is used for reaching a low background pressure. A pulsed high-power supply is connected to the magnetron, which acts as a cathode. The magnetron will magnetically confine the discharge and will thereby aid in the ignition of the plasma. The workpiece is placed in a rotating substrate holder below the cathode measured with a Chauvin Arnoux C160 current probe. A typical discharge voltage and current measurement is shown in Fig. 2 .
The resulting carbon-based coating was deposited on a boring bar (made of tool steel; for details see ''Material Properties '' section) used in the machining tests, as well as on pure silicon substrates used in the characterization of the coated material. All depositions were carried out at ambient temperature without external substrate heating. The position of the substrates was approximately 18 cm away from the cathode surface. A motor was used to rotate the substrates at a continuous speed of 1.3 rpm. After deposition, the thickness and microstructure of the deposited coating were studied using a LEO scanning electron microscope (SEM) on cleaved Si samples. The elemental composition was investigated in parallel by energy-dispersive X-ray spectroscopy (EDX) using the same instrument. The film hardness was investigated by nano-indentation (Triboscope Ò , Hysitron Inc.).
Material Properties
The carbon-based nanocomposite coating achieved by using the above described deposition process can be seen in the scanning electron microscope (SEM) micrograph presented in Fig. 3 , where it was deposited onto a pure silicon sample. The microstructure shows porous columns exhibiting competitive growth among the different grains. Typical thickness of the deposited layer is 400 lm and the maximum documented thickness is 600 lm. From SEM measurements it was deducted that the damping coating can, in the present setup, be grown at a deposition rate of about 15 lm/h, which is at least an order of magnitude greater than what can be achieved using conventional magnetron deposition methods sputtering carbon (Ref 26) .
From the deposited silicon samples the hardness was found to be about 0.5 GPa measured using nano-indentation. From the same measurements the friction coefficient of the coating was estimated to about 0.25-0.35.
Machining Set Up Details
Two identical round shanked boring bars (made of tungsten steel) of 25 mm in diameter were chosen for the tests. In one case the end section of the boring bar was ground down 400 lm in radius and coated with an equally thick layer of the carbon-based nanocomposite material, as shown in Fig. 4 . Before machining, the dynamic properties of both the coated and uncoated tools were investigated by modal analysis on the tool tip in the direction of cutting speed on the insert. An impact hammer (Dytran Model 5800SL S/N4845) was used to make the measurement, and one accelerometer was waxed to the tool tip to acquire the acceleration data.
An internal turning process using the boring bar with a five times length to diameter overhang was chosen to investigate the machining performance with regards to stability, owing to the fact that the stability limit for a conventional boring bar is approximately five times the length to diameter (Ref 27) . The regenerative tool chatter during machining process will occur if the depth of cut exceeds the critical depth of cut limit (Ref 2, 12) . To define the stability limit, both static stiffness and damping are important for specifying the stability lobe diagram (Ref 2). The stability limit for a certain spindle speed is calculated by Eq (2.1):
where K f represents the workpiece materialÕs cutting resistance and GðwÞ represents the real negative part of the transfer function between the tool and workpiece. When an internal turning tool possess five times free hanging length (125 mm) to diameter (25 mm) ratio and 1% mode damping ratio, the stability diagram can be calculated by defining the workpiece materialÕs specific cutting force with 3000 MPa (Ref 28), as shown in Fig. 5 .
In Fig. 5 when the cutting depth exceeds the limits defined by the stability lobes, the machining process will be un-stable, and the overall limit is low as 0.017 mm. A normal machining process will easily exceed the limit and result in an unstable machining process. In reality, the machining condition about regenerative chatter, especially regarding the workpiece materialÕs specific cutting force, also depends on the insert geometry, feed rate, rake angle and clearance angle, etc. (Ref 29) . The process damping caused by the friction between the insertÕs flank face and workpiece material will also affect the machining processÕs stability From an experimental point of view, the conventional way used is to find the minimum stability limit by machining operations (Ref 30) .
Both the conventional tool and the coated tool were clamped in the same fixture and under the same clamping conditions. A standard VDI (Verein Deutscher Ingenieure, the Association of German Engineers) tool holder with an inner diameter of 42 mm was used as the clamping interface to the machine turret. A collet with inner diameter 25 mm and outer diameter 42 mm was used between the tool and the standard VDI tool holder. Figure 6 gives an overview of the conventional tool, the damped tool, the collet, as well as the standard VDI tool holder.
As seen in Fig. 6 , on the standard VDI tool holder there are three clamping screws where the tool can be clamped in the collet. The clamping torque for all of the screws was pre-set to be 40 Nm so as to have the same clamping conditions.
Since the spindle speed of the cutting process is important for triggering chatter as indicated by NIGM (Ref 31), each cutting process was started at 800 rpm, then increased gradually to 960 rpm, and finally reduced to 640 rpm. By doing so, the whole spindle speed range of 640-960 rpm was covered in order to test the stability limit. The cutting speed will be dependent on the inner diameter of the workpiece. Furthermore, Fig. 2 The measured voltage and current on the cathode during the pulsed PECVD discharge process during the tests of the machining stability, each cutting sequence was repeated three times using the same depth of cut, since chattering has a tendency to be affected by the pre-cut surface texture.
The nose radius of the insert was 0.4 mm with a feed rate of 0.15 mm/rev. For each new test sequence in the turning tests, a new insert was used to avoid disturbance caused by wear land of the cutting edge. The workpiece was made of a steel cylinder with diameter 126 mm, length 170 mm. Before the experiment, a diameter 39 mm hole had been drilled throughout the center. The cutting material was ISO 4340(SS2541), and the machining process was performed on the same workpiece to eliminate material inhomogeneity that might show up between different workpieces. The tool path length was 85 mm in the feed direction.
During machining, the sound pressure was recorded by a microphone mounted at a remote enough distance from the machining area, so that the influence of the tool travel path can be neglected (i.e., the distance microphone-machining area is assumed to be constant). The voltage output from the microphone was recorded to compare the sound signal emitted from different process conditions, since the transmitted sound from a cutting process is strongly related to the vibration conditions of the structure. Furthermore, the power spectrum of measured sound signal was also recorded, since it is an indication of what vibration modes that arise during operation.
After the machining process, photos were taken of the surface of the machined part and the surface roughness was measured on three different positions on the surface to calculate the average Ra values (Surftest SJ-400 Series 178-Portable Surface Roughness Tester, Mitutoyo).
Results
Modal Analysis of the Boring Bars
In order to determine the dynamic properties of both the damped tool and the conventional tool, modal analysis on the tool tip in the direction along the cutting speed direction on the insert was performed to obtain the modal characteristics. The approach has previously been described by Andren et al. (Ref 32) , where they investigated the vibration properties of an internal turning process. In that study, it was also confirmed that the most critical chatter is in the cutting speed direction. The first vibration modal parameters of both the conventional tool and the coated tool clamped in the VDI tool holder are shown in Table 1 .
From the FRF plots, the stiffness values were calculated and are shown in Table 1 . From the measurements it is seen that both tools have almost the same rigidity, although the coated tool has a slightly lower first mode frequency. Note that, the damping ratio measurement also shows that both tools have almost the same amount of damping for the given clamping conditions. However, consideration has to be paid to the triggering force being small when using the impact hammer, which is further discussed in ''The Observation of Modal Analysis Results'' section. Cross-section SEM micrograph of the carbon-based nanocomposite layer (top) coated on top a silicon sample (bottom). An adhesion pre-layer of a few micrometers is also seen in the middle Furthermore, the power spectrum of the sound signal during the machining process was also analyzed (not shown here). It was found that the energy is mainly concentrated at a frequency band which is close to the first mode frequency at approximately 970 Hz. The power spectrum analysis also shows some other frequency bands at higher frequencies. However, the measured voltage amplitudes on those frequency bands are much lower in comparison to the first mode. Those frequency bands are believed to be related to the harmonics of the first mode frequency, since they show up at frequencies of n times the first mode frequency, where n is a positive integer (Ref 34).
Machining Results
The recorded sound signal for both the conventional tool, and the coated tool, with 0.25 mm and 0.5 mm depth of cut, is shown in Fig. 7 . The cutting parameters are summed up in Table 2 .
From the measured voltage output of the microphone in Fig. 7 , it is shown that during a machining process performed by a conventional uncoated tool the maximum voltage output was around 40 V and the maximum voltage output of the coated tool was around 5 V, where the last measurement was very close to the value when measuring the background sound level from the workshop (i.e., the sound emitted by the machine spindles, gear transmissions, pumps, and so on).
When the depth of cut was 0.25 mm, the conventional tool was strongly vibrating, which was revealed by strong oscillations in the sound pressure measurement during the machining test. Since the insert was moving in and out the workpiece, the insert tip always broke during the process due to the dynamic thrust force. It can be observed from the top left graph in Fig. 9 that during machining, the insert tip breaks in the middle of the process and leaves a rather smooth surface during the second half of the process. When the depth of cut was 0.5 mm, the insert of the uncoated tool did not break, but it was severely worn down, as observed by the naked eye. In the case of the coated tool the cutting inserts, under the conditions shown in Fig. 9 , were still in good condition and could have been used again if needed.
In order to find the cutting limit of the coated tool, the cutting depth was increased to 1 mm, and finally 1.5 mm, with 800 rpm ± 20%, using the same workpiece. The cutting process data is available in Table 2 , and the recorded sound signal is shown in Fig. 8 . Note that, the uncoated tool could not be operated in this range. We have, however, for comparison added the previously recorded sound signal for the 0.5 mm depth of cut using the uncoated tool (red signal). The maximum Fig. 5 The blue curve represents an example of stability lobes of a 125-mm-free hanging tool, with 25-mm diameter and 1% mode damping ratio, 0.15 mm/rev feed, and 3000 MPa as the work piece materialÕs specific cutting force, the green curve represents another example with the same set up except for the mode damping ratio has increased to 2% depth of cut was set at 1.5 mm during the experiment since the machining process was already unstable at 1.5 mm depth of cut. This indicates that the overall minimum stability limit for depth of cut with the coated tool is less than 1.5 mm.
The surface finish of the machined workpiece was visually inspected. In Fig. 9 , we present photos displaying the surface texture after using the uncoated tool (top) as well as the coated tool (bottom) for 0.25 mm depth of cut. For each tool the same cutting sequence was repeated three times in order to insure better statistics, as previously discussed in ''Material Properties''. Furthermore, the same procedure was repeated for 0.5 mm depth of cut and the results are given in Fig. 10 .
The surface finish of the coated tool with 1 mm depth of cut and 1.5 mm depth of cut is summarized in Fig. 11 .
It was observed during machining, when the depth of cut reaches 1.5 mm, the coated tool was unstable in the spindle range of 640-800 rpm, and left marks on the surface because of vibrations from the tool as shown by the red arrows in Fig. 11 .
Finally, from the data recorded in the surface roughness test comparison between the coated and the uncoated tools at 0.25 and 0.5 mm depth of cut the Ra values are summarized in Here, it should be noted that the surface finish of a stable machining process depends to a large extent on the feed rate of machining process and insert tip geometry. The idealized peak to valley surface roughness was calculated referring to the technical guidance of a turning process (Ref 35):
The surface profile measurement result indicates that, a coated boring bar can produce a surface finish, which is in the range of the specified idealized peak to valley surface roughness, whereas the surface produced by a conventional, uncoated boring bar has a value of about 40-50 lm.
As the surface roughness of the contact surfaces in the mechanical structureÕs interface will have some effect on the damping behavior of the cutting tool (Ref 36), the surface roughness measurements for the conventional uncoated tool, the coated tool, and the collet are summarized in Table 3 .
It can be observed that the coated tool has a slightly higher surface roughness in comparison to the conventional tool, but under the same clamping conditions the interface damping will not change dramatically and we do not expect any significant impact on the damping tests.
Discussion
The Observation of Modal Analysis Results
From the measurement of the frequency response functions, and modal analysis, we observed very little difference between the coated tool and the conventional uncoated tools, as seen in Table 1 . However, it is suggested that the commonly observed non-linear behavior of the damping capacity vs. stress (Ref 21) , where a too low stress will generate negligible damping, is the reason for the results presented here. Not enough force can be delivered, since the mass of the impact hammer is only 10 g and thus the peak force delivered in a single impulse excitation is limited to about 27 N. Thus, it is therefore believed that these measurements solely cannot adequately resolve the behavioral differences that might arise when applying the coating onto the tool. In order to characterize the material damping properties of this coating, it is therefore necessary to conduct additional tests such as the ones described in this work. It also highlights the fact that any damping effects must be investigated under real machining conditions, since the forces applied will be considerably higher (several hundred Newton) than those delivered by the hammer, and thus the non-linear behavior of this material will be easier to observe.
On the other hand, the data in Table 1 shows that both the coated tool and the conventional tool have almost the same stiffness (revealed by the first mode frequency), meaning that by adding the carbon-based nanocomposite coating, the overall stiffness of the tool is not significantly changed which is an advantage under real machining conditions. It is important to note that the weakest part in the machine structure is the tool shank, because the overhang length (125 mm) is five times the diameter (25 mm) of the tool. To avoid any vibrational problems from the workpiece itself we chose a rigid enough workpiece in the experiments reported here. By correlating the sound power spectrum to the results generated by the impact hammer it was found that the bulk part of the energy is in both cases located at the same frequency ($1000 Hz). Therefore, the accordance between the measured sound power spectrum frequency band and the first vibrational mode of the tool can safely be used as an indicator of vibrations arising at the location of the tool shank during the machining process.
The Sound Pressure and the Surface Roughness
The transmitted sound from a cutting process is, as previously stated in ''Experimental Details '' section, strongly related to the vibration conditions of the structure and hence a good indicator of whether one is operating in a stable regime. Furthermore, strong generation of sound emitted from the machining process can be very harmful to the operator, and the trend is to reduce the sound level in many production plants. From Fig. 7 and the results described in ''Machining Results '' it is seen that by using the coated tool it is possible to reduce the measured absolute signal of the sound pressure by about 90%, which clearly indicates an improvement of the operating conditions.
Further analysis of the recorded experimental data along with observations from the operations shows that, with 1 mm depth of cut for the coated tool (Fig. 8, top) , the spindle range of 640-720 rpm is showing up to be unstable, but still can be adjusted to fall back to the stable region. When the depth of cut is 1.5 mm for the coated tool (Fig. 8, bottom) , the spindle range of 640-800 rpm is showing up to be unstable, but still can be adjusted to fall back to the stable region. The power spectrum analysis (not shown here) was also performed on the results presented in Fig. 8 , and it was found that the resonance frequency band where the machining process is unstable is close to the first mode frequency of the tool at around 970 Hz, which means that any vibration problems are related to the tool also at these higher depth of cuts. No further tests were performed at these higher values of depth of cut, since the comparison with data from the uncoated tool was not possible as previously described.
From the processed workpieces machined by the uncoated and coated tools we could by measuring the surface finish, Ra, evaluate the effect of coating to dampen out the above described harmful vibrations during machining. The nominal value of the surface finish value for a turning process is around Fig. 8 The recorded sound signal from the machining process using a coated tool (green curve) at 1 mm depth of cut (top) and 1.5 mm depth of cut (bottom). For simple comparison the sound signal using a conventional, uncoated tool, at 0.5 mm depth of cut has been superimposed (red curve). Note that, the latter tool could not be operated at higher depths of cut Table 2 Fig. 12 it is found that all of the surface roughness measurements performed on the workpiece machined by the coated tool are below the critical limit of 2 lm and half of them are below 1 lm. When using the uncoated conventional tool the values are all above 3 lm and most of them are around 5 lm or higher, which indicates an unstable machining process, and does not meet the required specifications of the end product. There is also a possibility that the measurements hit the upper limit of what is possible to measure using the needle-based surface roughness technique, which implies that for the uncoated tool we might even reach higher Ra values than what is reported here. Due to the fact that stable operating conditions were met for the coated tool using both 0.25 and 0.50 mm depth of cut, additional machining tests were conducted with 1 and 1.5 mm depth of cut (Fig. 8, 11 ). From these tests it was observed that the coated tool has a critical depth of cut of 1 mm. As the depth of cut increases, more and more spindle ranges will be marked as unstable, which can be seen in the bottom part of Fig. 8 . This complies well with the stability lobe theory, since the critical depth of cut depends on the spindle speed, and the higher the depth of cut the more likely that the process is unstable (Ref 1,  2) .
In summary, from both Fig. 9 and 10, it is clearly observed that the surface finish with the conventional uncoated tool results in a failed product because the surface is damaged due to chatter from the tool, and the coated tool results in a better surface finish quality. However, from Fig. 9 (0.25 mm depth of cut), it can be seen that when the coated tool is under operation, during the entrance of the cutting process, the tool left some fringes as pointed out by the red lines on the surface. This kind of fringes cannot be found when the depth of cut is 0.5 mm, and it is probably because the coated tool needs to be subjected to a high enough force to work with in order to reach a certain strain in the material to provide damping, which can guarantee stable behavior of the cutting process (see also the discussion on non-linear damping in the beginning of ''The Observation of Modal Analysis Results'' section). Further investigations have to be implemented to study this phenomenon.
Properties of the Damping Material
From the results presented above it is concluded that the carbon-based nanocomposite material coated onto a tool has a beneficial effect when it comes to reducing harmful vibrations. The working principle of the approach used in the present study is to deposit a damping material, which possesses a high elasticity, and place it at the areas where the maximum vibration strain energy will be concentrated, as previously investigated for other passive damping applications (Ref 8, 38) . With a similar design to that of Lorenzo et al. (Ref 8) , the damping material is applied to the area where the tool end is clamped. Fig. 9 Surface finish of the workpiece after machining using the conventional uncoated tool (top), as well as the coated tool (bottom). The depth of cut was in all cases 0.25 mm and the same cutting sequence was repeated three times for each tool. The surface roughness value is an averaged value of measurements at three different points When a clamping interface is applied, such as clamping by screws, the internal damping of a cutting tool will usually increase due to interface damping effects (Ref 36) . By applying high damping capacity materials in the clamping area, the internal damping of a mechanical structure will be improved even further. This is due to the concentration of vibration strain energy in clamping area, see Fig. 13 . The concentrate the strain energy in the regions where high damping material applied, the energy dissipation in the damping material can be enhanced (Ref 39) .
While the tool is under cyclic bending motion, a shear motion will arise in the clamping area because of the constraining fixture (Ref 39) . If a damping material has been applied in the clamping area and the cyclic shear strain is induced during the vibrating movement, the damping effect of the material under shear strain will absorb the energy of vibration and transfer that energy into heat. Thus, the damping capacity in the cutting process will be enhanced.
The reason for such a good damping material has so far not been fully established, but it is here speculated that the columnar structure of the material has a beneficial effect on the shear strain (Ref 39) in the clamping area, since it can enhance the internal friction between the boundaries of the different columns, meaning that the mechanical vibration energy is transformed into shear strain energy and finally into heat by the frictional motion of the individual columns in the coating. These ideas are in line with the work of Suhr et al. (Ref 18) , where it is reported that the damping capacity of a material is Fig. 10 Surface finish of the workpiece after machining using the conventional, uncoated tool (top), as well as the coated tool (bottom). The depth of cut was in all cases 0.5 mm and the same cutting sequence was repeated three times for each tool. The surface roughness value is an averaged value of measurements at three different points Fig. 11 The surface finish of the coated tool with 1 mm depth of cut (left) and 1.5 mm depth of cut (right), the surface roughness value is an averaged value of measurement at three different points. The red arrows indicated areas where unstable cutting operation was observed and hence leading to increased surface roughness for those particular regions 514-Volume 23(2) February 2014strongly related to the internal boundaries between different small domains, and as such can be enhanced by increasing the surface area to volume ratio. Pulickel et al. (Ref 40) had studied the effect of damping while mixing the carbon nanotubes in polymers and pointed out that the interface slippage injects the damping into composite systems. The load transfer mechanism is critical for both materialÕs storage modulus and damping. The slippage phenomenon in grain boundary interfaces would result in poor load transfer while gaining higher damping factor (Ref 40) . These results conform with Asthana (Ref 41) who discussed the damping mechanism in cast iron and metalmatrix composites. However, the author (Ref 41) holds a different opinion of damping mechanism in cast iron, while the author states that the major mechanism of vibration energy dissipation is within the graphite flakes themselves and not in the graphite-matrix interface.
In addition, through SEM picture at high resolution (as shown in Fig. 14) we also observed that smaller domains of carbon-containing particles are found inside the columnar structures. These nano scaled domains will most likely increase the damping effect, since it has previously been reported that graphite inclusions can be used to effectively dissipate vibrational energy under cyclic bending (Ref 21) . The working principle is that the non-uniform distribution of graphite inclusions will undergo plastic deformation in the individual micro volumes of the coating when subjected to cyclic loading, which results in a non-uniform stress distribution due to elastic and plastic anisotropy of the randomly oriented inclusions (Ref 42) . Through this micro plastic deformation, occurring at a large number of sites simultaneously, it is possible to effectively dissipate vibration energy. Furthermore, Golovin et al. (Ref 21) , argue that flake-like graphite micro inclusions are more effective vibration dampers compared to spherical structures, which, by tailoring the morphology of the present coating, could be a possible route towards optimizing the damping capacity reported here. However, this will be the subject of a future study.
Advantages of the PECVD Process
The damping mechanism in the material is mainly from the internal friction in the grain boundary interfaces (Ref 19, 21) , and the load transfer mechanism is critical for controlling the materialÕs strength and damping property (Ref 41, 43) . Grain interface formation depends on the temperature of conventional annealing process. The PECVD is beneficial while it can manipulate the size of precipitated nano particles and formation of grain interfaces through control the process parameters, such as power density, plasma density, substrate biasing, and process pressure. Instead of controlling the deposited materialsÕ structure and properties through adjust substrate heating in conventional thermal CVD process, the bias voltage controls the deposited materialsÕ structure and properties (Ref 44) . Heating of the substrate can be removed for PECVD process to overcome the melting issue. In this study, optimization of the materialsÕ internal interfaces property for its damping purpose has not been delivered, and this will be done in the future work. Fig. 12 The measured Ra (lm) values for both the uncoated tool and the coated tool. The process parameters are found in Table 2 for each run number 
Conclusions
In this work, we have synthesized a new carbon-based nanocomposite coating exhibiting promising damping properties when subjected to mechanical vibrations. The coating was applied on a standard round-shank boring bar used for internal turning and tested by machining with spindle speeds in the range between 640 and 960 rpm. Comparisons between an uncoated and a coated tool were carried out at 0.25 and 0.5 mm depth of cut using a five times overhang, which are typical conditions known to generate detrimental mechanical vibrations. From sound pressure measurements it was concluded that the measured absolute sound level during process could be reduced by about 90% by using the coated tool. Surface roughness measurements of the processed workpiece showed decreased Ra values from approximately 3-6 lm to less than 2 lm (and in 50% of the cases <1 lm) when comparing an uncoated standard tool with its coated counterpart.
From the damping point of view, the reported coating differs from other types of damping application, such as tuned mass damping and constrained viscoelastic material damping, since it can easily be applied on a standard tool using the above presented coating deposition method. In addition, unlike viscoelastic materials with an elastic modulus around 10 MPa, the overall loss of rigidity will only slightly be modified by adding the carbon-based coating, since it has an elastic modulus of about 9 GPa. Last, the carbon-based coating is also considerably less sensitive to high operating temperatures due to its metallic properties as compared to polymers used for damping.
Finally, it is concluded that the vast domain of these types of carbon-based coatings is far from being completely explored. A common failure in machine structure is the unscontrollable vibration issue while there is a demand trend for deliver the same mechanical function with light structure and thin wall components. The well-known product sections where the vibration damping solution is needed include turbine blades, airplane wings, ball bearings, brake disk, and car bodies, etc. The creation of nano scale clusters that give the deposited layer unique mechanical properties can likely be further tailored to optimize the damping properties. Also, the inclusion of different metal elements during the deposition process can provide another possibility to tune the damping capability as well as the elastic modulus.
